INTRODUCTION
In Poland, winter wheat production traditionally uses plough tillage (TT) but there is growing interest in developing systems of reduced tillage (RT) which can also produce good conditions for plant growth (Czyż and Dexter, 2009 ).
Under RT, reduction of soil disturbance decreases mineralization of soil organic matter and can increase storage of soil organic carbon (SOC) Małecka et al. (2015) . RT protects the sub-soil against compaction and erosion by water, can also increase the stability of the soil through increased SOC (Czyż and Dexter, 2009) . RT has effects on soil physical properties: bulk density, water content (Fabrizzi et al., 2005; McVay et al., 2006; Mühlbachová et al., 2015 Pabin et al., 2003 Sławiński et al., 2012) , soil stability Dexter, 2008, 2009) ; chemical: SOC (Gajda et al., 2017 (Gajda et al., , 2018 Małecka et al., 2015; Mikanová et al., 2012) , available forms of P, K and Mg (Franzluebbers, 2002; Małecka et al., 2015) ; and increased biological activity (Gajda et al., 2017) and diversity of diatoms (Stanek-Tarkowska and Noga 2012a,b; Stanek-Tarkowska et al., 2015) compared with TT. Czyż and Dexter (2009) reported that RT decreased the content of readily dispersible clay (RDC) and therefore increased soil stability. With RT, increased water content in the soil profile has been observed (Czyż and Dexter, 2009) , and also an increase in bulk density in the top layers Gajda et al. (2017) in comparison with TT.
Crop growth and yield depend on the condition of the soil and the level of fertilization (NPK) and on climatic conditions (Arvidsson et al., 2013; Gajda et al., 2017; Małecka et al., 2015; Pisulewska et al., 2009) . The grain yield of wheat grown in monoculture without soil inversion is usually reduced by 8-30%, depending on the site, weather conditions and crop management. For example, in Poland Kordas (2009) found the average yield of winter wheat in 3 years of monoculture to be lower under RT by 14.5% and under no-tillage by 15.9% compared with TT. Impacts of crop cultivation systems, agrotechnical treatments on crop yields, plant uptake of macronutrients and biodiversity of the ecosystem have also been observed (Gajda et al., 2017 (Gajda et al., , 2018 Kołodziejczyk et al., 2017; Mühlbachová et al., 2015) .
The aim of this research was to compare the effects of traditional and reduced tillage on some soil properties: chemical (soil organic carbon, pH, available P, K, Mg), physical (soil bulk density, soil water content, readily dispersible clay), biological (the diversity of diatoms) and on the grain yield of winter wheat grown in monoculture.
MATERIALS AND METHODS
The research was carried out in 2013-2016 on a longterm field experiment started in 2008 at the Krasne Research Station near Rzeszów, Poland; latitude 50°03'N; longitude 22°06' E. The soil was a Haplic Luvisol formed on loess (IUSS Working Group WRB, 2006) with a silt loam texture (sand 2-0.05 mm, 22 g 100 g -1 ; silt 0.05-0.002 mm, 65 g 100 g -1 ; and clay <0.002 mm, 13 g 100 g -1 ) (Polish Society of Soil Science, PTG, 2008) . The soil arable layer (0-20 cm) before the start of the experiment was characterized chemically, and had 5.3 pH in KCl, content of organic carbon 0.78 g 100 g -1 , and contents of available P, K and Mg were 98, 128 and 45 mg kg -1 soil, respectively. Winter wheat cv. Bogatka was grown in monoculture under two different tillage systems: traditional (inversion) tillage (TT) and reduced (non-inversion) tillage (RT). TT was based on the mouldboard plough (to 25 cm depth). The straw after harvest was chopped and turned under. RT was based on a rigid-tine cultivator (to 10 cm depth) and soil crushing-loosening equipment, and straw was chopped and left on the surface. The experiment was set up on 1 ha plots arranged as a randomized block with 4 replications giving a total of 8 plots per year. Wheat was sown between 19 and 29 September, at a density of 400 seeds per m 2 and at a sowing depth of 3-4 cm. Mineral fertilization was the same for both tillage systems and in each experimental year. An autumn-applied fertilizer (Polifoska) was applied at 18 kg N ha -1 , 55 kg P ha -1 and 90 kg K ha -1 . Each spring, mineral fertilizer with nitrogen as ammonium nitrate was applied at 120 kg N ha -1 in 3 doses: at beginning of spring growth: 60 kg ha -1 (26-27 BBCH), at stem elongation: 30 kg ha -1 (32-33 BBCH) and at ear formation: 30 kg ha -1 (55-56 BBCH). For weed control during the growing season, post-emergence, Chwastox Turbo 340 SL was applied at 2.0 l ha -1 . For disease control, the fungicide Juwell TT 483 SE was applied at 1.2 l ha -1 at the stages of stalk shooting and ear formation.
Each year, soil samples for physical and chemical analysis were collected throughout the growing season, at ear formation (55-56 BBCH, each year during the same season) and at harvest with 4 replications, from the six depths: 0-5, 5-10, 10-15, 15-20, 20-25 and 30-35 cm depths. To determine the diversity of diatoms, soil samples were collected with 2 replications from the 0-5 cm layer and placed in three Petri dishes for measurement.
Winter wheat was harvested in one step using a plot combine 'SEEDMASTER' (Wintersteiger Seedmaster Universal Hydrostatic) in early August (on the following dates: 2.08. 2013, 4.08.2014, 2.08.2015, 1.08.2016 ) from a 50 m 2 area. Grain yields per 1 ha were calculated taking into account 15% moisture content.
Meteorological conditions and soil properties are presented in Tables 1 and 2 . Temperature and precipitation data were from the Meteorological Station of Rzeszów University (Table 1 ). The years of the study 2013-2016 had higher mean air temperatures (0.5, 1.6, 1.6, 0.4°C, respectively) than the 8.4°C for the long-term average. The sums of precipitation were smaller by 56.6, 107.6, 279.8 and 197.3 mm for 2013-2016 , respectively than the long-term average of 612.2 mm. In this paper, we call 2013 and 2014 'dry years' and 2015 and 2016 'very dry years'.
For measurement of soil bulk density (BD) and soil water content volumetrically (SWC) samples of undisturbed soil were collected in 100 cm 3 cylinders, and were weighed before and after drying at 105°C (Czyż and Dexter, 2008) . The BD was calculated as the mass of dry soil per unit volume of moist soil. Soil stability in water was measured in terms of its content of readily dispersible clay (RDC) (g 100 g -1 of soil) using a Hach 2100AN ratio turbidimeter (Czyż and Dexter, 2008) . Ten replicates were used for each year and depth at each field.
SOC was determined by wet oxidation using the Tiurin method (Ostrowska et al., 1991) . Soil pH in KCl was measured potentiometrically in a 1:2.5 volumetric ratio suspension in 1 mol dm -3 KCl solution (International Organization for Standardization -ISO 10390, 2005) . Available P and K were determined by the Egner-Rhiem method and available Mg by the Schachtschabel method (Page et al., 1982) .
Diatom material was used to measure microbial biodiversity, according to Kawecka (2012) as modified by Stanek-Tarkowska and Noga (2012a,b) . Diatoms were chosen for this study because: (1) they are naturally-occurring; (2) different taxa can be identified under a microscope; (3) incidences of the different taxa are countable. Diatoms are a major group of microalgae and are phytoplankton. Because they require light, they occur mainly at or near the soil surface. Diatoms were identified at 1000x magnification using an optical microscope (Nikon ECLIPSE 80i), and keys: Krammer and Lange-Bertalot (1986 , 1988 , 1991a . The number of given species was obtained by counting specimens in a random sample in the ocular fields of the microscope until 400 incidences had been obtained. The species whose contributions exceeded 5% of the total were considered as dominants (<5% low, 5-20% medium, > 20% high domination). The biodiversity or species richness was measured in terms of the number of taxa of diatoms identified. We emphasize that the above method gives us the species richness as a measure of microbial biodiversity and does not give us information about the numbers or densities of diatoms in the two treatments.
Results were evaluated statistically by analysis of variance (ANOVA) which was used to evaluate the effects of the tillage systems on the measured variables. Least significant differences (LSD) were used to compare means (p < 0.05). Pearson correlation coefficients were used to show the relations between soil properties, meteorological data and the grain yield of winter wheat (WY) at p < 0.01 and p < 0.05.
RESULTS AND DISCUSSION
Different tillage practices produce differences in chemical, physical and biological properties of soil and in soil quality (Gajda et al., 2017; Franzluebbers, 2002; Małecka et al., 2015) . The soil data from 0-20 cm depth in Table 2 show after 7 years a greater accumulation of available K, P and Mg under RT than TT. Similar results are presented in Małecka et al. (2015) for available K and Mg in the 0-5 cm layer. Franzluebbers 2002 reported that higher values of SOC and available K, P and Mg at the soil surface under conservation tillage were directly related to surface residue accumulation.
The data in Table 3 show that accumulations of SOC at the 0-5 and 5-10 cm depths were significantly greater by 25 and 7%, respectively under RT than under TT. Deeper in the soil, SOC was not significantly different between RT and TT and decreased with increasing soil depth in both tillage systems. Similar results have been obtained for the 0-5 cm soil layer: Gajda et al. (2017) reported that SOC content increased by 23%; Małecka et al. (2015) found an increase of 19.5%; Franzluebbers (2002) and Mühlbachová et al. (2015) also evaluated zero-or no-tillage (NT) and found that both RT and NT increased SOC in the top layers of soil. SWC was significantly greater under RT than TT at 0-5, 5-10 and 10-15 cm depths. Soil under RT had the highest values of SWC at 0-5 cm. In RT, volumetric SWC in 0-5, 5-10, and 10-15 cm soil layer increased by 18, 16, and 17%, respectively relative to TT (Table 3) . Similarly, Sławiński et al. (2012) found that soil under RT had greater values of SWC at all depths in both a Fluvisol and Cambisol, compared with TT. Dexter (2009), and Małecka et al. (2015) reported that RT increased SWC and water availability to crops. McVay et al. (2006) found, in the years with higher precipitation, no-difference of SWC under CT, RT or NT, but in dry years SWC was greater in NT.
BD increased under RT at the 0-5 and 5-10 cm depths by 0.11 and 0.05 g cm -3 , respectively compared with TT. In deeper layers no difference was found (Table 3 ). Several authors: Fabrizzi et al. (2005) , McVay et al. (2006) , Dexter (2009), Małecka et al. (2015) , Mühlbachová et al. (2015) , and Gajda et al. (2017) found an increase in soil BD with RT or NT in comparison with TT.
RDC decreased under RT throughout the profile and therefore increased soil stability in water in comparison with TT (Table 3) . Values of RDC in the 0-5, 5-10 and 10-15 cm layers under RT were half as big as in TT. Czyż and Dexter (2009) also found that RT and NT soils showed lower values of RDC and increased stability in water and improved physical quality compared with traditional tillage.
Microbial biodiversity was found to be greater under RT than TT (Table 4 ). In soil samples from both treatments a total 197 taxa of diatoms were identified. RT was richer in species (139 taxa) than TT (102 taxa) and this difference suggests that some taxa are more sensitive to tillage than others. Two main factors may have contributed to this difference. Firstly, there is the effect of soil mixing during tillage. The surface layer, where the diatoms live, was mixed with 25 cm of soil in TT but only with 10 cm of soil in RT. Secondly, the soil surface layer in RT had greater SOC content as shown in Table 3 and as found by StanekTarkowska et al. (2015) . Greater SOC content also leads to improved soil physical properties. Table 4 enables the diatom communities under RT and TT to be compared. In the very dry years (2015 and 2016) under RT, dominant species exceeded 20%, but under TT were less than 20% (Table 4) . Comparable results were obtained by Stanek-Tarkowska and Noga (2012a,b) in RT and TT systems under maize in a field experiment in Dąbrowa (voivodship Podkarpackie, Poland) on a silty soil. They observed greater biodiversity of diatoms (62 taxa) under RT than under TT (38 taxa) in a silty soil. The soil algae, including diatoms, produce amino acids, organic acids, polysaccharides and vitamins. Their biomass is a source of humus and nitrogen compounds.
The grain yield of winter wheat (WY) in the dry years 2013 and 2014 under RT was significantly less by 10 and 8%, respectively than under TT (Table 5) . However values Tables 1  and 5 , shows an interesting relationship between wheat grain yield and the deviation from the long-term average annual rainfall. In 2015, greater wheat grain yield under RT than under TT (Table 5 ) corresponds with the largest deviation from long-term -annual sum rainfall (279.8 mm, Table 1 ).
In contrast, for the years 2013 and 2014 (smaller wheat grain yields under RT than under TT) correspond with the smallest deviations from the long-term -annual sum rainfall of 56.6 and 107.6 mm, respectively. Arvidsson et al. (2013) reported similar results where crop yields were 3-5% smaller under non-inversion tillage than under traditional tillage and emphasized the importance of weather conditions during the growing season for WY. Tillage practices affect both the physical and chemical properties and have consequences for soil biological activity and soil functions. High correlations were obtained between soil parameters (SOC) and SWC, DB, and RDC (Table 6 ). These correlations demonstrate the high sensitivity of the studied properties to changes in soil management. WY was found to be correlated with some soil properties and weather conditions, especially precipitation (Table 6 ). The WY showed positive correlations with SOC (0.445 TT, 0.509 RT), SWC (0.671 TT, 0.542 RT) at p<0.05, and PREC (0.957 TT, 0.525 RT) at p<0.05 and p<0.01, and negative correlations with RDC (-0.905 TT, -0.829 RT) at p<0.01.
We can conclude that RT results in improved properties of the surface and near-surface soil layers. It can be argued that the surface layer of soil is the most important for two main reasons. Firstly, because almost everything that goes into or comes out from the soil must pass through it; and secondly, because it is the part of the soil that is potentially erodible especially when it has low stability in water. 1. Reduced tillage increased the contents of organic carbon in the 0-5 and 5-10 cm soil layers in comparison with traditional tillage.
2. Soil under reduced tillage also showed greater soil water content and bulk density, especially in the top layers, than traditional tillage.
3. The amount of readily dispersible clay was found to be reduced in soil under the non-inversion tillage (reduced tillage), throughout the profile and therefore increased soil stability in water in comparison with traditional tillage.
4. The soil under reduced tillage had greater diversity of diatoms (139 taxa) than that under traditional tillage (102 taxa), and this suggests that some taxa are more sensitive to tillage than others.
5. Yield of winter wheat was positively correlated with soil organic carbon (0.445 traditional tillage, 0.509 reduced tillage), soil water content (0.671 traditional tillage, 0.542 reduced tillage), precipitation (0.957 traditional tillage, 0.525 reduced tillage), and negatively correlations with readily dispersible clay (-0.905 traditional tillage, -0.829 reduced tillage).
6. Reduced tillage improves the chemical, physical and biological status of the most important part of the soil and we suggest that reduced tillage increases the sustainability of the soil resource. 
